ABSTRACT: Spatio-temporal variation in demographic rates can have profound effects 1 for population persistence, especially for dispersal-limited species living in fragmented 2 landscapes. Long-term studies of plants in such habitats help with understanding the impacts of 3 fragmentation on population persistence but such studies are rare. In this work we reanalyzed 4 demographic data from seven years of the short-lived cactus Opuntia macrorhiza var. 5 macrorhiza at five plots in Boulder, Colorado. Previous work combining data from all years and 6 all plots predicted a stable population (deterministic ≈ 0). This approach assumed that all 7 five plots were part of a single population. Since the plots were located in a suburban/agricultural 8 interface separated by highways, grazing lands and other barriers, and O. macrorhiza is likely 9 dispersal-limited we analyzed the dynamics of each plot separately using stochastic matrix 10 models assuming each plot represented a separate population. We found that the stochastic 11 population growth rate varied widely between populations ( = 0.1497, 0.0774, -12 0.0230, -0.2576, -0.4989). The three populations with the highest growth rates were located close 13 together in space, while the two most isolated populations had the lowest growth rates suggesting 14 that dispersal between populations is critical for the population viability of O. macrorhiza. With 15 one exception, both our prospective (stochastic elasticity) and retrospective (stochastic life table  16 response experiments) analysis suggested that means of stasis and growth, especially of smaller 17 plants, were most important for population growth rate. This is surprising because recruitment is 18 typically the most important vital rate in a short lived species such as O. macrorhiza. We found 19 that elasticity to the variance was mostly negligible, suggesting O. macrorhiza populations are 20 buffered against large temporal variation. Finally, single-year elasticities to means of transitions 21 to the smallest stage (mostly due to reproduction) and growth differed considerably from their 22 long-term elasticities. It is important to be aware of this difference when using models to predict 23 3 the effect of manipulating plant vital rates within the time frame of typical plant demographic 24 studies. 25 26
Effects of environmental variation on individual populations have been studied using 59 stochastic stage-specific models that yield an estimate of the long-term stochastic growth rate, 60 (Caswell 2001) . When populations vary in their stochastic growth rates it is natural to ask 61 which vital rates (survival, growth, reproduction) contributed most to the observed spatial 62
variation. This retrospective analysis, known as stochastic life table response experiments 63 (SLTRE; Davison et al. 2010) , separates the contributions of means of vital rates from their 64 annual variation to differences in stochastic growth rates. While SLTRE provides information on 65 past effects of vital rates on population dynamics, understanding the fitness consequences of 66 changing vital rates on population growth requires a prospective analysis that quantifies the 67 impacts of changes in vital rates on the stochastic growth rate (Tuljapurkar et al. 2003) . 68 movement of people and cows between the sites and thus limiting plant dispersal between the 120 sites. Further, highways and other barriers separate most of the plots. Soil, grazing and 121 topographical characteristics of the plots are summarized in Table B2 of Appendix B. Three 122 plots (28, 57, and 61) were flat with gravelly soil. One plot (52) had similar soil but was on a 123 hilltop (Davidson Mesa). The fifth plot (102), in Chataqua Park Meadow, was on a grass-covered 124 east-facing slope. Two plots (28 and 61) were grazed by cattle in summer, one plot (52) was 125 grazed in winter, and two plots (57 and 102) were not grazed. All plots were 100 m 2 except one 126 (57), which was 92 m 2 and had the highest density and absolute number of plants (Keeler & 127 Tenhumberg 2011). Plant sizes were estimated by counting the number of cladodes (flattened 128 shoots or green stems) on each plant in each year. Death of a plant was characterized by the 129 observation of a badly damaged white cladode where a plant was recorded in the previous year. 130
Plants that were entirely yellow were conservatively recorded as present and alive. We made 131 only one survey/plot/year, to count the number of developing fruits. Whenever a plant 132 subdivided, we considered the central ramet the original plant and any peripheral clones were 133 recorded as vegetative reproduction so that new recruits occasionally possessed several cladodes 134 (usually 2-7 cladodes). Table B1 , Appendix B) the origin of recruits (i.e., the size of parent plant) was 147 unknown. We assumed that these recruits originated from parents whose size distibution was 148 known from information on recruits with known parents. For plants for which information on 149 the number of cladodes was missing (see Table B1, Table B1 of Appendix B. 158
Deterministic and Stochastic growth rates: The deterministic growth rate, λ log , was 159 calculated as the leading eigenvalue of the temporally averaged matrices. The stochastic growth 160 rate was calculated assuming that each annual transition matrix occurred with equal probability 161 (= 1/6 for plots 52 and 57 and = 1/5 for other plots) and that there was no temporal 162 autocorrelation. Stochastic iterations for each plot were carried out for 25,000 time steps and the 163 simulation was repeated 100 times. Then we calculated the long-run stochastic growth rate as 164
is the (annual) population growth rate 165 between years 1 − t and t , and T = 25,000 (we omitted the first 2000 iterations to exclude 166 transient effects). The 95% confidence intervals were calculated as 167 
where the elasticities (Fig. 1a) was generally higher in magnitude than the corresponding 220 contributions from differences in standard deviations, σ C (Fig. 1b) . Plots differed significantly in 221 the magnitudes of their mean vital rates contributions: plot 57 had the lowest (in magnitude) 222 contributions among all plots since it was similar to the reference population while vital rate 223 contributions in plot 28 were the largest followed by plot 102. Means of stasis had the largest 224 impact on the observed differences in stochastic growth rates in two plots (plots 28, 57) while 225 means of growth transitions had the largest impact in the other three plots (plots 52, 61 and 102); 226 contribution from means of TSS was important only in plots 28 and 102 (Fig. 1a) . Life-cycle 227 components in plots 28 and 102 which had relatively large μ C values also had large σ C values 228 (Fig. 1b) reflecting the high CVs in the majority of the vital rates in these plots (Table B3, (Fig. 2a) . In all plots means of stasis had the highest 234 elasticity among vital rates followed by growth (Fig. 2a) . Transition to stage I (TSS), which 235 included mostly new recruits, had a relatively small impact on the stochastic growth rate in all 236 plots, except in plot 102. Elasticities to stasis and growth of smaller plants, especially of plants in 237 stage II, were the highest in all plots (Fig. C1, Appendix C) . Compared to elasticities to the 238 means described above, elasticities to the standard deviations ( (Fig. 2b) . Values of between long-term and single-year elasticities in Fig.3 . Positive values imply that long-term 243 elasticities exceed short-term elasticities indicating that initially the effect of changing a vital rate13 is smaller than that expected based on long-term elasticities. Among the four life cycle 245 components we found that single-year elasticities to means of TSS and growth differed the most 246 from their long-term elasticities in all plots, especially in plots 28, 61 and 102 (Fig. 3a) . In these 247 plots (plots 28, 61 and 102) differences between short-and long-term elasticities were also 248 sizable for stasis. The differences between short-and long-term variance elasticities (as 249 measured by σ E ) were generally smaller than the corresponding differences between short-and 250 long-term mean elasticities; we observed substantial differences only in plots 28, 61 and 251 especially in plot 102 (Fig. 3b) . 252 years and five plots studied here, and concluded that overall the population is stable (i.e., 264 deterministic population growth rate ≈ 0). In contrast, our models predicted that 265 populations in only two plots will increase annually while populations in the remaining three 266 plots face extinction. These results seem consistent with a metapopulation framework ( expect that differences in mean fertility would make a large contribution to differences in 281 stochastic population growth rates. In contrast, our analysis using the SLTRE showed that, with 282 the exception of plot 102, mean fertility had the smallest contribution to explaining the variation 283 in stochastic growth rates between populations. The high mortality of early stage plants (Keeler 284 and Tenhumberg 2011) in most plots suggests that fertility, in comparison to survival, would 285 contribute less to difference in stochastic growth rates. 286
Why the population dynamics differ between plots is unclear. For instance, even though 287 the populations in plot 28 and 61 grow both on flat, gravel soil, and are exposed to summer 288 grazing (Appendix A, Table 2 ), one constitutes a source population (plot 28, 
